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The optical properties of GaN layers coalesced above an array of nanocolumns have important

consequences for advanced optoelectronic devices. GaN nanocolumns coalesced using a nanoscale

epitaxial overgrowth technique have been investigated by high resolution cathodoluminescence

(CL) hyperspectral imaging. Plan-view microscopy reveals partially coalesced GaN layers with a

sub-lm scale domain structure and distinct grain boundaries, which is mapped using CL

spectroscopy showing high strain at the grain boundaries. Cross-sectional areas spanning the

partially coalesced GaN and underlying nanocolumns are mapped using CL, revealing that the

GaN bandedge peak shifts by about 25 meV across the partially coalesced layer of �2 lm thick.

The GaN above the nanocolumns remains under tensile strain, probably due to Si out-diffusion

from the mask or substrate. The cross-sectional data show how this strain is reduced towards the

surface of the partially coalesced layer, possibly due to misalignment between adjacent partially

coalesced regions. V 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4737418]
C 
I. INTRODUCTION	 the conventional ELO techniques and to reduce the disloca­
tion density to below 10�6 cm�2, without the need to grow 
The growth of GaN on Si substrates is of signiﬁcant in-
exceptionally thick (10 s–100 s of lm) layers of GaN. Nano­
terest because of the potential for use of large area substrates 
ELO limits the strained volume to extremely small areas 
and integration with electronic devices along with advan­
and reduces the elastic deformation energy in the epitaxial 
tages such as low cost, wide availability, and high thermal 
ﬁlm by providing nanometer sized relaxed seeds and thereby 
conductivity.1,2 GaN-on-sapphire and GaN-on-SiC are 
reducing the density of TDs.8–11 Nano-ELO based on nano­
currently the leading combinations for commercial high 
columns was ﬁrst described by Luryi and Suhir.10 GaN 
brightness blue/green/white light-emitting diodes (LEDs) 
nanocolumns are one dimensional columnar nanostructures 
and III-nitride wireless/RF products. GaN-on-silicon has yet 
with high crystal quality and can possess improved optical 
to really make its mark on either of these industries but is the 
properties due to their dislocation-free nature.12 If the tops 
most promising material combination for achieving high de-
of such relaxed and dislocation-free GaN nanocolumns are 
vice performance from growth on a low cost, large diameter 
coalesced by lateral growth, a GaN epitaxial layer with 
platform. However, the growth of high quality GaN on Si is 
potentially little or no stress and very few dislocations can 
challenged by the large lattice (17%) and thermal expansion 
be obtained. 
coefﬁcient (56%) mismatches, which result in high densities 
Three approaches have so far been reported for the coa­
of threading dislocations (TDs) and tensile stress in GaN 
lescence of GaN nanocolumns: (a) an all molecular beam 
epilayers on Si. GaN substrates with fewer threading disloca­
epitaxy (MBE) route, involving coalescence overgrowth of 
tions are highly desirable for fabricating high-performance 
MBE grown GaN nanocolumns by switching from N-rich to 
III-nitride devices and also for next generation laser diodes 
Ga-rich conditions;13 (b) an all metal organic vapour phase 
(LDs). Growth processes utilizing epitaxial lateral over-
epitaxy (MOVPE) route,9 involving coalescence overgrowth 
growth (ELO) have proved signiﬁcant in reducing dislocation 
densities and improving optical and electrical properties.3 
of GaN nanocolumns fabricated using a nano-imprint litho­
graphic patterning;11 and (c) growth of GaN nanocolumns by 
ELO reduces the density of threading dislocations by two 
MBE followed by an MOVPE overgrowth.8 In the present 
mechanisms, namely, direct dislocation blocking and dislo­
cation bending. However, TD densities <10�6 cm�2 have so	
work, we report the optical properties of partially coalesced 
GaN nanocolumns obtained using the third approach on a Si 
far not been achieved using this technique, and high perform-
substrate. Self-assembled GaN nanocolumns are produced 
ance devices are fabricated only on the ELO “wings.” In 
by MBE on a Si [111] substrate, and then serve as seeds for 
addition, this technique results in strained (tensile or 
compressed) GaN layers.4It is the size of the “seed” regions 
nano-ELO by MOVPE. The optical properties of the par­
tially coalesced GaN layers are investigated using high spa­
(typically micron scale) that place a limit on the improve­
ment that can be achieved using the ELO technique.5–7	
tial resolution cathodoluminescence hyperspectral imaging 
to provide visualisation of the microstructure, information on 
Nano-ELO involving lateral overgrowth at the nanome­
the local luminescence and tracking of the strain variation 
ter scale has been developed to overcome the limitations of 
across the partially coalesced layers. Collecting such data 
from cross-sections provides information as a function of 
a)E-mail: r.w.martin@strath.ac.uk. depth within the grown layers. 
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FIG. 1. (a) Plan-view and (b) cross-sectional SEM images of the partially 
coalesced GaN nanocolumns. 
II. EXPERIMENTAL PROCEDURE 
Growth of GaN nanocolumns on Si was carried out in 
an RF-MBE system having two Ga sources conﬁgured with 
different angles towards the growth substrate. NH3 was used 
as the nitrogen source to grow layers of GaN and AlN. Prior 
to growth, the Si (111) substrate was heated to 950 �C for 
60 min for thermal cleaning, followed by a 60 min surface 
nitridation at 1023 �C. The AlN buffer was deposited for 
30 min at 850 �C. The substrate temperature was then raised 
to 900 �C, and the GaN nanocolumn structures were grown 
for 2 h using the two Ga sources. 
Coalescence of the GaN nanocolumns was conducted in 
an Aixtron 200/4HT RF-S MOVPE reactor. The combined 
conventional growth mode, i.e., when gallium and nitrogen 
precursors are switched into the growth chamber simultane­
ously, and pulsed growth mode were applied.14 Under the 
conventional growth mode, a growth temperature of 
1150 �C, reactor pressure 100 mbar, V/III ratio in the range 
of 500–10 000, and the growth time corresponding to nomi­
nal planar growth for 2 lm GaN were used. The pulsed 
J. Appl. Phys. 112, 023507 (2012) 
growth was employed to achieve the fast lateral growth in 
the early stage of coalescence. H2 was used as the carrier gas 
in all the growth experiments. 
The surface and cross-sectional morphology of the par­
tially coalesced nanocolumns were studied by ﬁeld emission 
gun scanning electron microscopy (FESEM), using an FEI 
Sirion 200. The light emitting properties were investigated 
by spatially and spectrally resolved room temperature catho­
doluminescence (CL) set-ups attached to two different elec­
tron microscopy systems. High spatial resolution CL maps 
were collected from an angled sample using the FESEM 
(Ref. 15) and lower spatial resolution CL maps were 
obtained in plan-view using the CL set-up attached to a 
Cameca SX100 electron probe micro-analyser (EPMA).4 
Both these set-ups are capable of obtaining CL hyperspectral 
images, simultaneously mapping the spectral and spatial in­
formation. The application of appropriate mathematical 
methods to these three dimensional data set (k, x, y) is used 
to extract the spatial distribution of peak intensity, peak 
energy and FWHM across the mapped region. 
III. RESULTS AND DISCUSSION 
The plan-view secondary electron image [Figure 1(a)] 
of the top GaN layer reveals that the surface of the over­
grown epilayer is not continuous, but rather constituted by a 
number of sub-lm scale domain structures with distinct 
grain boundaries. The misalignment of adjacent GaN nano­
columns with respect to each other can possibly account for 
this incomplete coalescence with distinct grain boundaries. 
The cross-section SEM image, in Figure 1(b), shows the 
layer of GaN nanocolumns, approximately 500 nm in height, 
FIG. 2. (a) Secondary electron image of 
the partially coalesced GaN layer, (b) 
plan-view integrated intensity CL map 
from the partially coalesced GaN nano­
columns layer, (c) mean CL spectrum 
from the mapped region. 
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which then merge into larger columns giving an overgrown 
layer of partially coalesced GaN, about 2 lm in thickness. 
A plan-view integrated intensity CL map from the par­
tially coalesced nanocolumns acquired with an acceleration 
voltage of 10 kV using the CL setup attached to the EPMA is 
shown in Figure 2. The penetration depth (the depth at which 
the energy density of the incident electron beam has reduced 
by 90%) estimated using a Monte-Carlo simulation is 
�370 nm for this accelerating voltage and is thus conﬁned 
well within the partially coalesced layer. The CL emission 
intensity is not uniform across the partially coalesced layer 
and shows strong contrast between dark and bright regions. 
Figure 2(c) shows the mean CL spectrum for the mapped 
region in Figure 2(a) and presents two peaks at 3.41 eV and 
3.19 eV. The 3.41 eV peak corresponds to GaN near band 
edge (NBE) emission and indicates a slight tensile strain in 
the partially coalesced GaN layer, by comparison with the 
NBE of bulk unstrained wurtzite GaN bandedge emission of 
3.42 eV.16 The peak appearing at 3.19 eV is most likely 
related to donor-acceptor pair (DAP) recombination. The 
most common donor species in GaN are O and Si, behaving 
as shallow donors. Although oxygen is not a usual contami­
nant in MBE growth, Si contamination is possible when 
using a Si substrate and Si-based mask material. In both 
MOVPE and MBE techniques, carbon is the most common 
residual acceptor contaminant.12 However, since the GaN 
J. Appl. Phys. 112, 023507 (2012) 
nanocolumn growth occurs under nitrogen rich conditions, 
the formation of Ga vacancies acting as acceptors is also 
likely. 
Gaussian peak ﬁtting to the individual CL spectra from 
each pixel, using a non-linear least squares (NLLS) algo­
rithm, is used to generate maps showing the spatial distribu­
tion of peak height, center energy and FWHM for both GaN 
near band edge emission and the DAP emission, as shown in 
Figure (3). The CL intensity maps [Figures 3(a) and 3(d)] 
show the spatial intensity distribution of the NBE and DAP 
emission, respectively. Both are localized and randomly dis­
tributed and, importantly, these variations occur on a length 
scale much larger than that of the nanocolumn array. The 
spatial distribution of the DAP emission intensity indicates 
an inhomogeneous distribution of impurities across the par­
tially coalesced surface, and it is noteworthy that there is a 
contrast difference between the domain center and 
boundaries. 
The GaN NBE center energy CL map [Figure 3(b)] 
reveals micron-scale domain-like variations in peak energy, 
which can be attributed to the effects of the micron sized do­
main structures seen in the plan-view SEM. The effects of 
strain and/or doping can have a contribution to this variation 
in NBE CL emission. The thickening of GaN nanocolumns 
occurs by the merging of neighbors during the MOVPE over­
growth process and, together with minor misalignments 
FIG. 3. The CL maps showing the dis­
tribution of peak intensity, center 
energy, and line width for the bandedge 
(a, b, and c, respectively) and DAP emis­
sion (d, e, and f, respectively). 
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FIG. 4. The CL peak energy map of GaN NBE emission overlaid on the 
corresponding secondary electron image. 
J. Appl. Phys. 112, 023507 (2012) 
between the adjacent coalesced regions, can cause strain in 
the partially coalesced layer. CL maps taken at different 
electron beam energies, to provide some depth resolution, 
indicate that there is no signiﬁcant variation in domain pat­
tern with depth, for either intensity contrast or peak energy. 
The CL maps showing the spatial distribution of GaN NBE 
and DAP emission peak FWHM [Figs. 3(c) and 3(f)] also 
reveal lm scale range variations similar to those of the inten­
sity and peak energy distributions. 
To study the spatial distribution of strain across the par­
tially coalesced GaN layer, high resolution plan-view CL 
hyperspectral maps are acquired from a 2 � 2 lm2 area of the 
sample using the FESEM CL set up. Figure 4 shows the CL 
peak energy map of GaN NBE emission overlaid on the sec­
ondary electron image. The grain boundaries are generally 
seen to match the higher energy (blue) regions, indicating 
higher compressive strain at these points. The merging of adja­
cent crystal domains, arising from non-perfectly aligned nano­
columns can account for the strain at the grain boundaries.17 
Figure 5(a) shows a secondary electron image of a cross-
section, which was then mapped using CL hyperspectral 
FIG. 5. (a) SE image showing the mapped region in a box, (b) cross-sectional CL integrated intensity map, (c) mean spectrum from the cross-section CL map, 
(d) line spectrum corresponding to CL line scan analysis. 
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FIG. 6. Comparison of the spectra and FWHM of averaged line spectra 
from the nanocolumn layer and the top partially coalesced layer. 
imaging in the FESEM. The mapped area was 1 � 3 lm2 with 
a step size of 100 nm and a dwell time of 500 ms per pixel. 
The mapped area is indicated by the box and includes both 
the partially coalesced and nanocolumn layers. Figure 5(b) 
shows the integrated intensity CL map across the cross-
section with lines separating the emission from the partially 
coalesced and nanocolumn regions. 
The CL emission is brighter from the nanocolumn layer 
relative to the partially coalesced layer indicating the higher 
optical quality of the nanocolumn layer which can be attrib­
uted to its lower dislocation density.12,18 This can also be 
due to the improved light extraction efﬁciency of one dimen­
sional nanocolumns. The dislocation density reduction in the 
nanocolumns is partially due to the dislocation bending in 
the nanocolumns and dislocation blocking effect of the SiO2 
mask and partially due to strain relaxation in the nanometer 
sized nucleation and growth.19 A similar observation of 
brighter CL from the nanocolumn layer has been reported by 
Tang et al.11 from samples fabricated using nano-imprint li­
thography and MOVPE, although the same authors have 
reported the opposite behaviour for coalescence above MBE 
nanocolumns grown from an AlN nucleation layer.20 
J. Appl. Phys. 112, 023507 (2012) 
The spectra from the full height of Figure 5(b), averaged 
across the 15 pixels of the map are plotted as a CL line scan 
in Fig. 5(d). The analysis of this cross-section map reveals a 
blue shift of �25 meV in the GaN bandedge CL peak as the 
sampled region moves upward from the nanocolumn layer, 
through the partially coalesced layer of thickness �2 lm. 
This shift in the GaN band-edge emission can be related to 
the release of tensile strain through the partially coalesced 
layer. This is in agreement with the observation by Shiao 
et al.17 where the strain across an overgrown GaN layer of 
similar thickness decreases with an increase in thickness of 
the coalescence layer. Similarly, Tang et al.11 observed a 
rebuilding of compressive strain (�0.66 GPa) in a GaN coa­
lesced layer over strain free nanocolumns grown on nanopat­
terned sapphire substrate. Bougrioua et al.8 also reported the 
incorporation of strain in an MOVPE overgrown GaN layer 
using PL spectroscopy, with coalescence started from strain-
free nanopillars grown by MBE, although in this case the 
sense was tensile. 
A comparison of the averaged CL spectra obtained from 
line scan analysis of 15 pixels across the nanocolumn layer 
and the top part of the partially coalesced layer reveals that 
the GaN bandedge emission from the nanocolumn layer is 
broader [Figure 6] (by approximately 50 meV) and more ten­
sile strained than from the partially coalesced layer. The 
small dimensions of the nanocolumns allow for local strain 
relaxation, permitting the lattice parameter to approach its 
bulk value. Hence, the GaN nanocolumns are expected to 
grow strain-free and defect-free with a single hexagonal 
crystal structure, as has been experimentally observed by 
several research groups.12,21 This leads to an expectation that 
the GaN layer structure realized by coalescence of these 
strain free nanocolumns should be completely strain relaxed. 
However, the tensile strain from the nanocolumn layer 
observed in the present case could be due to high residual 
doping. Liu et al.22 also observed a tensile stress for micro-
scale pyramid facets near the base of ELO GaN grown over 
a SiO2 mask. Figure 7 clariﬁes how the blueshift and narrow­
ing of the GaN bandedge emission develop as the electron 
beam scans from the nanocolumn layer to the top layers of 
partially coalesced overgrowth GaN. Each data point on 
these plots is obtained by Gaussian peak ﬁtting to the 
FIG. 7. (a) FWHM and (b) wavelength variation of the NBE emission as the electron beam scans from the nanocolumn layer to the top of the partially coa­
lesced layer. The lines are guides to the eye. 
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individual CL spectra, averaged across 15 pixels on a line 
spectrum. 
The tensile strain from doping arises due to Si from the 
substrate or mask diffusing to the nanocolumn layer. Substi­
tution of Si in place of Ga in the GaN lattice results in a net 
contraction of the lattice as the Si atoms (�100 pm) are 
smaller than the Ga atoms (130 pm). Dadgar et al.23 and Lee 
et al.24 have previously reported tensile strain in Si doped 
GaN layers. The FWHM analysis of the PL spectra for ban­
dedge emission from GaN as a function of Si doping by 
Schubert et al.25 and Lee et al.26 revealed an increase in 
FWHM of the bandedge emission with increase in Si doping 
concentration. Tang et al.11 also observed a similar broaden­
ing effect for the GaN bandedge emission from regularly pat­
terned GaN nanocolumns on sapphire substrate. However, 
the nanocolumns in the present case are not uniformly pat­
terned or well ordered arrays as reported by Tang et al. The 
MBE grown nanocolumns have slight dispersions in their 
height, width, and orientation, as shown in Figure 1, which 
can contribute to the broadening of the FWHM of the GaN 
bandedge emission. 
The peak of the mean band edge CL emission 
(�3.41 eV) from the plan view map is comparable to that 
collected from the top partially coalesced layers in the cross-
sectional CL map (�3.41 eV), but shifted from that of 
unstrained bulk GaN emission (3.42 eV) implying that the 
partially coalesced layer is not fully relaxed and under a 
slight tensile strain. The absence of a continuous crystal sur­
face and the presence of distinct domain structure as seen in 
the SEM image, and a possible epitaxial misalignment due 
to random orientation of the growth facets between adjacent 
domains as suggested by the plan view CL map, can result in 
a build up of compressive strain in the GaN overgrown layer, 
reducing the tensile strain. 
Investigation of a similar region further along the cross-
section revealed a slightly different strain situation. Starting 
from the top of the nanocolumns, a slight redshift of 
�20 meV for GaN bandedge emission is observed across the 
partially coalesced GaN layer, indicating a build up of tensile 
strain as the coalescence overgrowth proceeds. Analysis of 
individual CL spectra averaged across 15 pixels obtained 
from line scan analysis along the partially coalesced layer 
further revealed that the initial layers of the overgrowth layer 
are tensile strain relaxed. 
It is worth mentioning that the mean CL spectrum col­
lected from some regions of the cross-section has a 
shoulder emission at 3.35 eV in addition to the bandedge 
emission peak. There are two different views about the or­
igin of this peak. Bunea et al.27 attributed this shoulder 
emission to re-absorption where as Chen et al. reported 
this emission at 3.35 eV to be related to localized or 
extended defects, such as stacking faults and dislocations 
or shallow levels in the bandgap.28 The presence of this 
shoulder emission peak in the coalesced overgrown GaN 
layer on sapphire and Si substrates is reported by Tang 
et al.11,20 An intensity comparison of the emission at 
3.35 eV to the NBE emission across the nanocolumn and 
partially coalesced layers was performed using the mean 
CL spectra collected from the respective layers. No 
J. Appl. Phys. 112, 023507 (2012) 
consistent behaviour exists for the ratio I3.35/INBE across 
the nanocolumn layer and partially coalesced layer, imply­
ing that the defects, if they are the cause of this emission, 
are randomly distributed across the nanocolumn layer and 
partially coalesced layer. 
IV. CONCLUSIONS 
The optical properties of a GaN layer coalesced by 
MOVPE starting from MBE grown nanocolumns on Si 
substrate have been studied using CL hyperspectral imag­
ing. The overgrown GaN layer is partially coalesced with 
distinct grain boundaries, with plan-view CL hyperspectral 
imaging revealing micron-scale domain-like spatial varia­
tions of the GaN NBE emission energy and FWHM. 
Higher resolution plan-view CL mapping indicated that 
the grain boundaries associated with this partially coa­
lesced GaN are under strain. Cross-sectional CL hyper-
spectral imaging identiﬁed a blue shift of �25 meV, and a 
narrowing of the GaN bandedge emission peak, as the 
electron beam sampled region moves upward from the 
nanocolumn layer. This energy shift is possibly associated 
with the release of tensile strain through the partially coa­
lesced GaN layer. 
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